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Molecular-like carbon-nitrogen complexes in GaAs are investigated both experimentally and theoretically.
Two characteristic high-frequency stretching modes at 1973 and 2060 cm−1, detected by Fourier transform
infrared absorption (FTIR) spectroscopy, appear in carbon- and nitrogen-implanted and annealed layers.
From isotopic substitution it is deduced that the chemical composition of the underlying complexes is CN2
and C2N, respectively. Piezospectroscopic FTIR measurements reveal that both centers have tetragonal
symmetry. For density functional theory (DFT) calculations linear entities are substituted for the As anion,
with the axis oriented along the 〈1 0 0〉 direction, in accordance with the experimentally ascertained symmetry.
The DFT calculations support the stability of linear N-C-N and C-C-N complexes in the GaAs host crystal in
the charge states ranging from +3 to −3. The valence bonds of the complexes are analyzed using molecular-
like orbitals from DFT. It turns out that internal bonds and bonds to the lattice are essentially independent
of the charge state. The calculated vibrational mode frequencies are close to the experimental values and
reproduce precisely the isotopic mass splitting from FTIR experiments. Finally, the formation energies show
that under thermodynamic equilibrium CN2 is more stable than C2N.
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I. INTRODUCTION
Carbon and nitrogen are important light-element im-
purities in GaAs bulk crystals as well as in GaAs-based
epitaxial layers. Carbon as a common substitutional ac-
ceptor (CAs) is used in semi-insulating GaAs crystals to
stabilize the Fermi level near the mid gap position1. Car-
bon is also widely employed to grow highly p-type doped
epitaxial layers2,3. In the last couple of decades, the be-
havior of nitrogen in GaAs has attracted much interest
in the context of dilute nitrides. The ternary system
GaAs1−xNx, where a small amount x of the anion sites
is replaced by the isovalent N atom, is in the focus of
intense research. Addition of nitrogen to GaAs during
epitaxial growth leads to a remarkable shrinkage of the
band gap with an initial slope of about 180 meV for 1 %
(x = 0.01) of nitrogen4. This opens up the possibility
of band gap engineering for example for highly efficient
multi-junction solar cells5. Furthermore, the reversal of
the band gap shrinkage by hydrogen passivation has been
observed and studied theoretically6.
Complexes of carbon and nitrogen have an influence
on these doping-related material properties. The first re-
port of such a complex was given by Ulrici and Clerjaud7
in 2005. They observed a sharp local vibrational mode
(LVM) at 2087.1 cm−1 at 7 K in the related semiconduc-
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tor gallium phosphide. From the detection of small satel-
lite bands caused by the natural isotopes 13C and 15N,
the assignment to a CN complex was straightforward.
Furthermore, uniaxial stress measurements showed that
the defect has tetragonal symmetry with the carbon-
nitrogen bond aligned along the 〈1 0 0〉 axis of the crystal.
They give also a short note on a band at 2088.5 cm−1 in
one particular GaAs crystal doped with both carbon and
nitrogen. From the nearly identical vibrational frequency
and similar temperature dependence as in GaP case
they tentatively suggest an analogous defect in GaAs.
However, in the course of this and the extensive pre-
vious study on bulk GaAs crystals this band was not
observed8,9.
Another carbon-related band in GaAs appears at
2059.6 cm−1 at 7 K10. It was first tentatively attributed
to a center involving carbon and oxygen, but its origin is
a carbon-nitrogen complex. The band can be observed
in carbon-rich GaAs crystals after long-term annealing
at around 700 ◦C. The intensity of the band increases
with the carbon concentration as determined by the CAs
LVM at 582 cm−1. The participation of carbon in the
complex is ascertained by the existence of a small 13C
satellite at 2003.8 cm−1. From its relative intensity, the
incorporation of precisely one C atom can be inferred.
Furthermore, from the strength of the main band and
the decrease of the substitutional carbon concentration,
it can be concluded that a considerable fraction of the
carbon impurities is transformed to this complex during
annealing10.
Contrary to carbon, the role of nitrogen in this com-
plex was more difficult to assess. Nitrogen as a substi-
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2tutional isoelectronic impurity (NAs) in bulk GaAs can
only be detected by mass spectrometry or LVM absorp-
tion for concentrations above 1015 cm−3 not far from the
maximum doping level of some 1016 cm−311. Usually, the
nitrogen contamination coming from the pyrolytic boron
nitride crucible and the nitrogen atmosphere during crys-
tal growth is much lower. The verification of nitrogen
incorporation was carried out by some of the present au-
thors using GaAs samples implanted with 12C and the
nitrogen isotopes 14N and 15N8. In this case, high con-
centrations of carbon-nitrogen complexes responsible for
the 2060 cm−1 absorption band are generated in a near-
surface layer. The isotope splitting in samples implanted
with both 14N and 15N allows the identification of the
chemical composition of the complex as [CN2]As. Fur-
thermore, in the same layer structures a second LVM
band at 1973 cm−1 was found originating from another
defect related to carbon and nitrogen. In contrast to
[CN2]As, this second center contains only one N atom.
So far, no further information was available.
Carbon-nitrogen complexes in GaAs and GaP were
studied theoretically by Limpijumnong et al.12 based on
density functional theory (DFT) calculations. Consid-
ering the carbon-nitrogen molecule in different charge
states they found that in general the substitutional con-
figuration on the anion site [CN]As is energetically more
favorable than the interstitial one [CN]i. The stretching
frequency has a strong dependence on the charge state
of the molecule. Only the 2+ charge state has a fre-
quency high enough to be compatible with the experi-
mental value found in GaP7. However, this charge state
relaxes from the substitutional site with tetragonal sym-
metry to a low-symmetry off-center position contradict-
ing the experimental result.
The present work completes previous FTIR studies by
piezospectroscopic experiments for both centers in sam-
ples with surface-implanted layers (Subsections III A and
III B). In Subsection III C experimental results are used
as starting configurations for extensive DFT calculations
and analyses of the LVM frequencies. In Subsection III D
a Kohn-Sham (KS) orbital interpretation of the related
eigenstates is presented and in Subsection III E the for-
mation energies of the [CN2]As and [C2N]As defect.
II. EXPERIMENTAL AND COMPUTATIONAL
METHODS
Single-crystalline GaAs containing carbon-nitrogen
complexes in high concentration in a near-surface layer
was produced by implantation of carbon and nitrogen
into 5 mm thick semi-insulating wafers with {1 0 0} or
{1 1 0} surface orientation. The total implantation dose
was 5× 1015 cm−2 for both nitrogen and carbon. Dif-
ferent ion energies up to 200 keV were used to obtain a
roughly uniform concentration depth profile. FTIR sam-
ples were cut from this material and treated by rapid
thermal annealing (RTA) at 700 ◦C for 60 s under nitro-
gen atmosphere. Infrared (IR) absorption measurements
were carried out with a Bruker Vertex 80v FTIR vac-
uum spectrometer equipped with a global source, a KBr
beam splitter and a MCT detector. The samples were
cooled to 77 K or 9 K in an optical cryostat. The im-
planted layer was aligned perpendicular to the IR light
beam in order to get a maximum signal from the carbon-
nitrogen centers. For piezospectroscopic investigations,
samples with approximate dimensions of 20× 5× 5 mm3
were prepared with the long axis oriented along the main
crystallographic directions 〈1 0 0〉, 〈1 1 0〉, or 〈1 1 1〉. Uni-
axial stress was applied to the sample along the long axis
by a push rod coupled to a pneumatic cylinder using a
home-made apparatus. The force on the sample was cal-
culated from the gas pressure in the cylinder that was
monitored on a precision gauge.
Numerical results were obtained with the all-electron
DFT code FHI-Aims13–17 which utilizes numerical atom-
centered basis function. The LDA (PW18 parameteri-
zation) or HSE0619 approximation with the mixing pa-
rameter α = 0.25 and ω = 0.11a−10 was chosen as
the exchange-correlation functional. All calculations are
based on a 64 atoms supercell of a GaAs crystal with the
cubic F43m (No. 216) symmetry. Since FHI-Aims does
not include symmetry considerations, all convergences
were archived without symmetry constraints. The super-
cell of the defect structures [CN2]As (Ga32As31C1N2) and
[C2N]As (Ga32As31C2N1) contains 66 atoms. A conver-
gence study reveals that a k-point grid of 3×3×3 with an
electronic force convergence of 5× 10−5 eV/A˚ with the
tight basis set in the second tier is sufficient. The unit
cell and ion positions were converged for all supercells up
to 5× 10−4 eV/A˚ except for charged cells where only ions
were allowed to move keeping the unit cell as the neutral
ones. Vibrational frequencies were carried out with the
utility Phonopy20 using finite displacements. The struc-
tural relaxation and the vibrational frequencies in this
work were calculated using LDA.
Formation energies were calculated according to21
Ef [Xq]= Etot [X
q]− Etot [GaAs]−
∑
i
niµi
+q
(
EF + EVBM [GaAs] + ∆V
[
X0
])
+Ecorr[X
q] (1)
with Ef the formation energy, Etot the total energy, ni
the numbers of impurities, µi the chemical potential of
the impurity i, EF the Fermi level referenced to the en-
ergy of the valence band maximum EVBM, ∆V the po-
tential alignment, Ecorr the charge correction due to fi-
nite size of the unit cell and X ∈ {[C2N]As , [CN2]As} the
defect. Calculations for charged structures were carried
out for the charges q = −3, . . . ,+3 for both defects with
the cell fixed to the uncharged structure. For [CN2]As
and [C2N]As the chemical potential were
∑
i niµi =−µAs + µC + 2µN and
∑
i niµi = −µAs + 2µC + µN, re-
spectively. µAs was calculated from trigonal arsenic, µC
from diamond and µN from a N2 molecule. Figures of
3FIG. 1. Infrared absorption
spectra of carbon-nitrogen re-
lated vibrational modes in
GaAs at 9 K after implanta-
tion of 14N and 12C and/or
13C and annealing at 700 ◦C.
Spectra are baseline-corrected
and shifted vertically for clar-
ity. Bands marked by ’X’ ap-
pear only in implanted samples
and are most probably due to
defects involving residual irra-
diation damage.
atomic structures and densities used in this publication
were produced with VESTA22.
III. RESULTS AND DISCUSSION
A. Isotope shifted satellite bands
The chemical composition of the carbon-nitrogen com-
plexes giving rise to the absorption bands at 1973 and
2060 cm−1 can be deduced from the characteristic mass-
induced shift after isotopic substitution. As has been
pointed out in Ref. 9, the replacement of 14N by 15N
unambiguously leads to the conclusion that the former
center contains one nitrogen atom, whereas the latter
two in equivalent positions (configuration N-C-N). Here,
we show the analogue experiment with the isotope pair
12C and 13C. Sample spectra at 9 K after RTA at 700 ◦C
are shown in FIG. 1.
Replacement of 12C by 13C shifts the 2060 band to
2004 cm−1 and the 1973 band to 1907 cm−123. The band
at 2004 cm−1 was first detected by Ulrici and Jurisch10 as
a small satellite in carbon-doped bulk crystals caused by
the naturally occurring 13C isotope (natural abundance
1.1 %). It should be emphasized that for both bands
the shift is larger than expected from a simple bi-atomic
molecule. For the mixed-isotope implantation with 12C
and 13C in the ratio 1:1, additional lines at 1921 and
1958 cm−1 appear, see upper spectrum in FIG. 1. These
lines belong to the 1973 cm−1 defect and require that
more than one C atom must be involved. The existence
of four lines of equal intensity suggests that two C atoms
on in-equivalent sites are incorporated called A and B.
The simple statistical consideration that A and B are
occupied with a probability of 50 % by 12C or 13C brings
about this result. Therefore, the chemical composition of
the defect responsible for the 1973 cm−1 band is [C2N]As
(configuration C-C-N).
B. Uniaxial stress experiments
FIG. 2 illustrates the characteristics of the 1973 cm−1
band under uniaxial stress. For stress along a 〈1 1 1〉 di-
rection the band shifts to higher energy but does not
split. In contrast, stress along the 〈1 0 0〉 direction splits
the band into two components associated with a charac-
teristic polarization behavior. One component (shifting
to lower energy) is observed for polarization of the inci-
dent light parallel to the 〈1 0 0〉 stress direction whereas
the other one (shifting to higher energy) appears for per-
pendicular polarization. This splitting and polarization
behavior is typical for a tetragonal center in a cubic crys-
tal and in full accordance with the systematic theoretical
4FIG. 2. Shift and splitting of the [C2N]As absorption band
at 1973 cm−1 band under stress in 〈1 0 0〉 and 〈1 1 1〉 direction
at a sample temperature of 77 K.
TABLE I. Uniaxial stress characteristics of the 1973 and
2060 cm−1 bands in GaAs.
Direction Piezospectr. Intensity Slope (cm−1/GPa)
of stress parameter I‖ : I⊥ 1973 cm
−1 2060 cm−1
〈1 0 0〉 A1 1 : 0 −0.8 −0.2
A2 0 : 1 4 3.8
〈1 1 1〉 1/3(A1 + 2A2) 1 : 1 2.4 2.5
〈1 1 0〉 1/2(A1 + A2) 1 : 1 1.6 1.8
investigation of Kaplyanskii24. The splitting is caused by
lifting off the orientational degeneracy. It simply reflects
the fact that a tetragonal center with its primary align-
ment along one of the three equivalent 〈1 0 0〉 directions
has two possible orientations relative to the stress direc-
tion in the 〈1 0 0〉 case, however only one for the 〈1 1 1〉
stress case.
A summary of the results of the uniaxial stress experi-
ments are givin in FIG. 3 for [C2N]As in (a) and [CN2]As
in (b). Measurements were carried out in the three crys-
tallographic directions 〈1 0 0〉, 〈1 1 1〉, and 〈1 1 0〉 apply-
ing stress up to 0.125 GPa. Polarized measuring light
with the electric field vector ~E aligned parallel or perpen-
dicular to the stress direction was used. For the 〈1 1 0〉
case, only one of the two branches was accessible due to
the necessity of orienting the implanted layer perpendic-
ular to the incident light (see section II). The piezospec-
troscopic parameters A1 and A2 according to Kaplyan-
skii’s terminology24 were derived from the fully polarized
FIG. 3. Effect of uniaxial stress in 〈1 0 0〉, 〈1 1 1〉, and 〈1 1 0〉
directions on the frequency of the [C2N]As (a) and the [CN2]As
band (b). Solid lines are fitted with piezospectroscopic param-
eters A1 and A2. Sample temperature is 77 K.
5TABLE II. Asymmetric stretching mode frequencies of the
charged structures for 12C and 14N. dCC is the bond length
between two carbon atoms and dCN between a carbon and a
nitrogen atom.
[CN2]As [C2N]As
Charge ω dCN ω dCN dCC
(e) (cm−1) (A˚) (cm−1) (A˚) (A˚)
+2 2139.8 1.2204 2036.2 1.2403 1.2745
+1 2139.3 1.2201 - 1.2418 1.2718
0 2128.3 1.2206 2049.2 1.2414 1.2705
-1 2127.4 1.2210 - 1.2418 1.2713
-2 2122.3 1.2214 2042.0 1.2413 1.2718
branches for 〈1 0 0〉 stress. In the case of the 1973 cm−1
band, a complete fit of the experimental data is possi-
ble with A1 =−0.8 cm−1/GPa and A2 =4.0 cm−1/GPa.
It should be mentioned that the peak position at zero
stress shows some scattering between different samples,
presumably due to residual strain in the implanted layer
after annealing9. The results for the 2060 cm−1 band
in (b) are shown for completeness. The piezospectro-
scopic parameters are within the experimental accuracy
of about ±10 % identical to the values obtained previ-
ously from bulk crystals8. This emphasizes the fact that
the [CN2]As center generated by implantation and RTA
at 700 ◦C is identical to the center observed in bulk crys-
tals after long-term annealing at 700 ◦C10. Furthermore,
the structural damage in the implanted layer and the
high defect concentration obviously do not influence sig-
nificantly the piezospectroscopic results. A compilation
of all piezospectroscopic results is given in Table I.
The behavior under stress is similar for both carbon-
nitrogen complexes in GaAs not only qualitatively but
also quantitatively. It is also worth mentioning that the
size of the parameters A1 and A2 is near to the values ob-
tained by Ulrici and Clerjaud7 for the tetragonal carbon-
nitrogen complex in GaP (2087 cm−1 band) indicating
some similarities in bonding configuration. The nega-
tive sign of the parameter A1 needs to be commented on.
For 〈1 0 0〉 stress, this parameter reflects the response of
the complex aligned with its axis parallel to the stress
direction. Clearly, if the carbon-nitrogen bonds are com-
pressed in this situation, the vibrational frequency should
increase and A1 should be positive. We will propose a
model for this striking behavior in subsection III D.
C. Structural investigation and vibrational modes from
DFT
Piezospectroscopy and its analysis strongly indicates
that both complexes are aligned along the 〈1 0 0〉 direc-
tions of the GaAs crystal. The atomic configuration of
the [CN2]As and the [C2N]As was chosen as N-C-N and
C-C-N in a linear arrangement according to experimental
results of subsections III A and III B. The structures after
FIG. 4. Incorporation of the [CN2]As (a) and the [C2N]As
(b) complex in GaAs. Both complexes are aligned along the
〈1 0 0〉 axes of the GaAs host crystal. The gray bonds indicate
the actual bonds for a pure GaAs crystal to the removed As.
Some surrounding atoms are removed for better representa-
tion breaking the periodic supercell used in the calculations.
relaxation are depicted in FIG. 4 for [C2N]As in (a) and
[CN2]As in (b). The lattice constant amounts to 5.605 A˚
for the defect-free GaAs crystal in comparison to the ex-
perimental 5.655 A˚. Although no symmetry constraints
are applied to the DFT calculations, both defects are al-
most perfectly aligned along the 〈1 0 0〉 direction after the
convergence is reached. Bond lengths of the complexes
are documented in TAB. II.
Structures with a charge of q = −3, . . . ,+3 were calcu-
6FIG. 5. Kohn-Sham molecular-like orbitals for [CN2]As and
[C2N]As from HSE06 DFT calculations for different eigenval-
ues. The isosurfaces have the values ±0.1 and ±0.05 /a−3/20
starting at the inner isosurface. Only strongly localized or-
bitals which are similar to the free molecule orbitals are
shown.
lated by adding and removing electrons from the super-
cells. In this way the effect of a modified Fermi level on
the occupation of states and resulting change of bonding
forces was calculated. Surprisingly, the charged [CN2]As
and [C2N]As structures remained in a symmetric config-
uration with almost unchanged bond length, contrary to
the case of the [CN]As complex as discussed by Limpijum-
nong et al.12. The calculation of the vibrational modes
and their frequencies was carried out using the finite
displacement20 method with a displacement of ±0.001A˚
out of the equilibrium position for all atoms in the unit
cell. To account for the effect of the lattice coupling on
the LVM modes, we calculated the frequencies from the
full dynamical matrix using the LDA approximation.
Inspection of the modes reveals that the highest fre-
quency corresponds to the asymmetric and the second
highest to the symmetric bond stretching mode. The
third and fourth highest frequency are the two symmetry
equivalent bending modes of the incorporated complex.25
TAB. II shows the vibrational frequencies of the
infrared active and asymmetric stretching modes for
[CN2]As and [C2N]As in different charge states and the
associated distance of the bond lengths. The change of
the bond lengths is in the range of 0.1 % to 0.01 % ac-
companied by a similar small change of the frequency.
An explanation for the small charge sensitivity of the vi-
brational modes is that electrons added or removed can
not localize close to the carbon-nitrogen complex since
no defect states are available in the band gap, see III E
for further discussion. It should be noted, that the vibra-
tional frequencies are calculated within the LDA approx-
imation which is known to overestimate the delocaliza-
tion of the electrons due to a self-interaction error. This
error may decrease the variation of the bond length for
different charges unphysically.
The vibrational frequencies for the carbon-nitrogen
complexes in an isotopic configuration were calculated
by substituting the masses in the dynamical matrix.
Subsequently, the vibrational frequencies were obtained
by diagonalization of the modified eigenvalue equation.
TAB. III and IV show the frequencies of the asymmet-
ric stretching modes (highest frequency) for the [CN2]As
and [C2N]As complexes in comparison to the assigned fre-
quencies from the infrared measurements. To eliminate
a systematic error of DFT and the neglect of anharmonic
effects, a scaling factor
∑
i ωcalcωexp/
∑
i ω
2
calc for the fre-
quency is introduced according to Ref. 26. The factor
corrects the average of the frequencies of the mass multi-
plet less than 4 %. For both complexes the frequencies of
the mass multiplets from experiment and DFT agree very
well within 1 cm−1. This excellent agreement strongly
supports the hypothesis that the measured vibrational
modes are generated by the here presented [CN2]As and
[C2N]As complexes.
D. Kohn-Sham molecular-like orbitals and bonding to the
lattice
The calculated weak dependence of the asymmetric
stretching mode on the supercell charge is comprehen-
sible when the added or subtracted electrons do not oc-
cupy energy levels relevant for the bonds in the carbon-
nitrogen complex. On the other hand, missing this de-
7TABLE III. Comparison of the asymmetric stretching mode
frequency of neutral [CN2]As in different isotopic configura-
tions between experiment (c.f. FIG. 1) and theory. The
scaling factor is 0.9679. Numbers marked with ∗ are from
samples implanted with 15N in presence of 12C measured at
77 K (Ref. 9). Numbers in brackets are the prediction for a
possible experiment implanting 15N together with 13C.
C N1 N2 ωcalc ωscaled ωexp
(cm−1) (cm−1) (cm−1)
12 14 14 2128.3 2060.0 2059.6
12 14 15 2118.0 2050.0 2050∗
12 15 15 2107.4 2039.8 2040∗
13 14 14 2069.7 2003.3 2003.7
13 14 15 2059.1 1993.0 (1993)
13 15 15 2048.1 1982.4 (1982)
TABLE IV. Comparison of the asymmetric stretching mode
frequency of neutral [C2N]As in different isotopic configura-
tions between experiment (see FIG. 1) and theory. The scal-
ing factor is 0.9629
C1 C2 N ωcalc ωscaled ωexp
(cm−1) (cm−1) (cm−1)
12 12 14 2049.2 1973.1 1972.7
12 13 14 2034.9 1959.3 1958.4
13 12 14 1994.5 1920.4 1921.4
13 13 14 1979.7 1906.2 1906.5
pendence, the charge of the complexes cannot be deduced
by simple comparison between measured and calculated
vibrational frequencies.
To confirm this observation and to identify the charge
of the complexes we further investigated the electronic
structure. Since LDA is known to produce an inadequate
picture of Kohn-Sham (KS) eigenvalues and especially of
band gaps, we used the HSE06 hybrid functional to find
the minimum of energy with atomic positions fixed at
the final LDA positions. It turned out that a few of the
KS orbitals are spatially localized around the complexes
and resemble molecular-like orbitals of a free N-C-N and
a C-C-N molecule. KS orbitals of the free molecules can
be found in the Supplementary Material in FIG. S1 and
S2.
For the neutral N-C-N free molecule with 14 valence
electrons molecular-orbital theory predicts, analogous to
the case of the CO2, the orbitals (1σg)
2, (1σu)
2, (2σg)
2,
(1piu)
4, (2σu)
2, and (1pig)
2 (partially occupied) as bond-
ing and non-bonding, followed by further unoccupied an-
tibonding orbitals. On the other hand, neutral C-C-N
free molecule with 13 valence electrons gives rise to sim-
ilar orbitals labeled with σ and pi. Since the C-C-N
molecule has a linear, internuclear axis and the inver-
sion symmetry is missing, no parity assignment are nec-
essary. To compare localized KS molecular-like orbitals
of [CN2]As with [C2N]As and with KS molecular orbitals
from the free N-C-N and C-C-N molecules, we rename
the above orbitals to 1σ, 2σ, 3σ, 1pi, 4σ, and 2pi. The
TABLE V. Localized molecular-like orbitals of [CN2]As and
[C2N]As, their energy relative to the VBM and the assignment
of charges to the two gallium atoms q2Ga, the nitrogen atom
qN and the carbon atom qC according to the Mulliken analysis.
Note, the splitting of the degenerated pi orbitals for [C2N]As
case.
[CN2]As E (eV) q2Ga qN qC qN q2Ga
2pi4 -5.8 0.01 0.19 0.09 0.01 0.16
4σ2 -8.4 0.07 0.26 0.11 0.26 0.07
1pi4 -8.9 0.14 0.34 0.23 0.09 0.00
3σ2 -9.3 0.06 0.30 0.10 0.30 0.06
2σ2 -20.5 0.07 0.37 0.10 0.37 0.07
1σ2 -22.6 0.01 0.29 0.41 0.29 0.01
[C2N]As E (eV) q2Ga qN qC qC q2Ga
2pi2 -5.2 0.16 0.05 0.10 0.05 0.05
2pi2 -5.5 0.02 0.26 0.13 0.00 0.13
4σ2 -7.5 0.01 0.01 0.02 0.06 0.08
1pi2 -7.9 0.00 0.07 0.02 0.18 0.22
1pi2 -8.6 0.21 0.35 0.14 0.02 0.00
3σ2 -8.6 0.14 0.49 0.10 0.05 0.03
2σ2 -15.5 0.03 0.06 0.25 0.40 0.22
1σ2 -21.2 0.10 0.62 0.29 -0.01 -0.01
integer labels the energy in ascending order. The elec-
tron occupation in the crystal is not partial as in the free
molecule but turns out to be maximal, adopting the elec-
trons from the surrounding Ga. Not considered are the
six 1s core electrons heavily bound in three σ orbitals.
The orbitals strongly localized around the complexes
were identified by selecting the KS orbitals with suffi-
ciently large localization on a C or N atom measured by
means of the Mulliken charges (q > 0.1). Furthermore,
the KS orbitals of the free complexes are taken into ac-
count for the identification. The |ψ| = 0.05 and 0.1 a−3/20
isosurfaces for [CN2]As and [C2N]As are shown in FIG.
5 with the associated energies and charges of the par-
ticipating atoms in TAB. V. The KS orbitals of the free
N-C-N and C-C-N molecules are shown in the Supple-
mentary Material in FIG. S1 and S2.
The localized orbitals of the complexes in GaAs are
very similar to the orbitals of the molecule but extent
for some eigenstates over the neighbouring Ga atoms,
indicating the order of magnitude of bonding to the sur-
rounding GaAs crystal. A Mulliken charge analysis helps
to identify the bond structure inside the complexes and is
depicted in TAB. V. Note that the charges of the lower
orbitals sum up to nearly one and the charges of the
higher orbitals to less than one, indicating an increas-
ing delocalization of the KS orbitals and vice versa. The
Mulliken charges for [C2N]As show a significant asym-
metry resulting from the stronger electronegativity of N
compared to C. Among these orbitals, the largest charge
at the neighbouring Ga atoms is for the 1pi orbital. It is
suspected that this orbital gives the largest contribution
to the bond between the N-C-N and C-C-N complex and
the crystal.
From the Mulliken charge distribution, the strength
8FIG. 6. Full electron density of [CN2]As (a) and [C2N]As (b)
in units of e/a30. The values of the contour lines are equidis-
tant beginning with 0.05 e/a30 and ending with 0.25 e/a
3
0.
of a bond cannot be unambiguously concluded. To sup-
port the statement about the 1pi orbital as the major
bond from the carbon-nitrogen complex to the surround-
ing GaAs crystal, a 2D section of the full electron density
around the complex is shown in FIG. 6. The 2D section
of (a) is aligned to the Ga-N-Ga plane and of (b) to
the Ga-C-Ga plane. In comparison to the the single or-
bitals, the full electron density includes all orbitals and
thus is more suitable for bond strength analysis. Since
the electron density between C-N and C-C is much higher
than the electron density to the surrounding Ga atoms in
FIGs. 6 (a) and (b), it can be concluded that the carbon-
nitrogen complex can vibrate largely independently from
the lattice, leading to the characteristics of a molecular-
like LVM.
Furthermore, a closer inspection of the electron density
in FIG. 6 reveals the Ga-C bond to be stronger than the
Ga-N bond. A chemical explanation may be, the smaller
electronegativity of the C compared to the N which allows
the Ga to collect more electron density for the Ga-C bond
than for the Ga-N bond. Consequently, the C-C-N entity
is overall stronger bonded to the crystal than the N-C-N
entity.
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FIG. 7. Density of states (DOS) and the projected density
of states (pDOS) of the C (pDOSC) and N (pDOSN) atom
of the complex from HSE06 functional calculations are por-
trayed for the [CN2]As and [C2N]As complex in (a) and (b),
respectively. DOSGaAs is the density of states for the pure
GaAs host crystal. The DOS and DOSGaAs are scaled by
1/200
The above analyses of the molecular-like orbitals and
the resulting bonding situation in the GaAs host lattice
now allow a qualitative interpretation of the piezospec-
troscopic results. The linear N-C-N and C-C-N enti-
ties form valence bonds with the lattice only between
the end atoms (N or C) and the (two) nearest-neighbour
Ga atoms. The bond angles in the neutral charge state
amount to 147.5◦ for [CN2]As (Ga-N-Ga) and 144.9
◦ for
[C2N]As (both Ga-C-Ga and Ga-N-Ga). In the sense of
the discussion above and the charge-density result plot-
ted in FIG. 6, we can treat the complexes approximately
as a rigid unit. When applying stress in a 〈1 0 0〉 direc-
tion, the lattice is compressed in this direction and the
bond angles become larger for those complexes oriented
parallel to the stress direction. Therefore, the supporting
action of the bonds decreases, inducing a slight down-
shift of the asymmetric stretching mode frequency. This
is the reason for the negative sign of the piezospectro-
scopic parameter A1 (see TAB. I). On the other hand,
for those complexes oriented perpendicular to the stress
direction, bond angles will decrease and the frequency in-
crease. Consequently, the parameter A2 will be positive.
E. Formation energies
After clarifying the charge environment of the com-
plexes, and the strength and positions of the bonds, the
actual charge state of the complexes remains to be dis-
cussed. This property is determined from the energy lev-
els inside the band gap, close to valence and conduction
band edges, and their occupation (Fermi level). To an-
swer this question the use of the HSE06 hybrid functional
for the electronic structure is essential because of the
9FIG. 8. Formation energies are calculated according to EQ.
1 except [CN]As which is from Ref. 12. The gray shaded area
indicates the band gap calculated with the LDA functional.
smaller model uncertainty compared to the LDA func-
tional. The band gaps from LDA (HSE06) DFT cal-
culations were 0.49 eV (1.57 eV), 0.42 eV (1.44 eV) and
0.49 eV (1.52 eV) for GaAs, and the centers [CN2]As
and [C2N]As, respectively. The experimental band gap
of GaAs is ≈1.52 eV. The LDA functional calculations
highly underestimate the experimental band gap and the
HSE06 calculations provide a value close to the experi-
mental gap.
To find potential thermodynamic charge transition lev-
els established by the [CN2]As or [C2N]As complexes, we
have calculated the density of states (DOS) and the pro-
jected density of states (pDOS) of the C (pDOSC) and
N (pDOSN) atoms. The energies of the DOS and pDOS
in FIG. 7 are aligned to its relative VBM and show no
defect levels in the band gap for both carbon-nitrogen
complexes. Although this observation gives a hint, re-
garding the fact that the hybrid functionals often give
good results for the electronic structure, it is not com-
pelling.
Therefore, we have calculated the formation energy as
a function of the Fermi energy using the HSE06 hybrid
functional according to EQ. 1. Fig. 8 shows the Fermi
energy dependent formation energies for both complexes
in different charge states. Since only charge states with
the lowest formation energy are drawn, the kinks indicate
the thermodynamic charge transition levels. The charge
transition levels were calculated using LDA structural
energies and were aligned using the HSE06 VBM with
respect to the average electrostatic potential according
to Ref. 27.
For comparison, we have inserted the formation energy
of the proposed [CN]As complex as calculated by Limpi-
jumnong et al.12. In general, the formation energy of the
[CN2]As and [C2N]As complex in GaAs are lower than
the [CN]As complex, revealing them more likely. Fur-
thermore, the formation energy of the [CN2]As complex
is lower than of [C2N]As for almost the entire band gap.
This coincides with the experimental observation that
the vibrational frequency attributed for the [CN2]As cen-
ter can be found in bulk GaAs whereas the signature of
[C2N]As is only found in implanted samples.
The charge transition levels  (+1/0) = 1.18 eV for
[CN2]As and  (0/− 1) = 1.15 eV for [C2N]As are both
located in a distance to the conduction band minimum
(CBm) at 1.52 eV and, therefore, could be interpreted as
deep defects. On the other hand, for both the [CN2]As
and [C2N]As complexes, no KS defect levels could be
found inside the band gap, neither from LDA nor from
HSE06 calculations, but only levels very close to the CBm
(cf. FIG. 7).
The results of both approaches to identify the ther-
modynamic charge transition levels and its associated
charges are inconsistent on a certain level of accuracy.
The DOS approach is limited because it considers KS or-
bitals, the formation energy approach is limited because
it contains LDA energies and several correction terms.
We conjecture that the charge transition level for both
carbon-nitrogen complexes should actually move exactly
to the CBm if calculated in a larger supercell and with
even more accuracy provided by an still higher level of
theory. When the charge transition levels are exactly at
the CBm, the [C2N]As complex is neutral and the [CN2]As
defect is positively charged for a regular Fermi energy.
IV. CONCLUSION
The carbon-nitrogen complexes [CN2]As and [C2N]As
form stable molecular-like complexes in GaAs.
Piezospectroscopic FTIR investigations on the as-
sociated vibrational absorption bands at 2060 cm−1 for
[CN2]As and 1973 cm
−1 for [C2N]As prove that both
complexes have tetragonal symmetry with the axis
oriented parallel to the 〈1 0 0〉 direction.
The geometry prediction of the complexes from FTIR
investigations was used to carry out DFT calculations.
After geometry relaxation, the structure from DFT
stayed in the predicted structure and, hence, substanti-
ate the experimental investigation. Furthermore, vibra-
tional frequencies of the highest and asymmetric stretch-
ing mode for both complexes are within a few wave num-
bers with the FTIR measurements including band shifts
due to isotopes.
The [CN2]As in GaAs complex is the structural ana-
logue to the linear CO2 molecule. In accordance with
piezospectroscopic results, the substitutional position
with the C atom on the anion site (As) and the N-C-
N or C-C-N axis oriented along the 〈1 0 0〉 direction has
lowest energy. The change of bond lengths and, con-
sequently, the frequencies of the asymmetric stretching
mode of both complexes with the charge state are rela-
tively small.
The portrayed structural model for the complexes ex-
plains the negative piezospectroscopic parameter A1 from
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the FTIR measurements. In addition, a detailed in-
spection of electronic charge density is consistent with
the larger absolute value of A1 of [C2N]As compared to
[CN2]As.
Concluding the formation energies, the [CN2]As com-
plex is more stable than the [C2N]As complex and a pos-
sible [CN]As complex is less likely. The most likely charge
state assignment for [CN2]As is singly positive (1+) and
for [C2N]As neutral (0). This results from an interpreta-
tion of the density of states and the formation energies.
Altogether, the consistency between experimental re-
sults and first-principles calculations in this study is ex-
cellent.
SUPPLEMENTARY MATERIAL
See supplementary material for the CN2 and C2N KS
molecular-like orbitals from HSE06 DFT calculations.
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